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Background {#sec001}
==========

Maternal smoking during pregnancy plays a significant role in increased risk of obesity and metabolic disorders in the offspring \[[@pone.0235632.ref001]--[@pone.0235632.ref004]\]. Nicotine and other tobacco constituents cross the placenta, and impair foetal growth \[[@pone.0235632.ref005], [@pone.0235632.ref006]\], which together with determinants such as low birthweight and subsequent rapid postnatal weight gain have been associated with risk of adiposity later in life \[[@pone.0235632.ref004]\]. Several epidemiological studies also report independent effects of paternal smoking (during pregnancy or postnatal life) associated with greater offspring BMI, body fat distribution and increased risk of overweight in children \[[@pone.0235632.ref007]--[@pone.0235632.ref012]\]. However, obesity is a complex multifactorial condition with a wide range of determinants, which besides environmental factors, also include behavioural and genetic components.

Recent evidence suggests that the germline cells of the parents might have critical exposure-sensitive periods for triggering epigenetic responses that can affect subsequent offspring's metabolic health and risk of becoming obese \[[@pone.0235632.ref013]--[@pone.0235632.ref015]\], thus suggesting an epigenetic basis of variation in BMI levels and fat mass. Observations from the Överkalix and ALSPAC cohorts showed that excess food supply and smoking during mid-childhood and pre-pubertal years were associated with metabolic and cardiovascular health, and risk of becoming obese in subsequent generation(s) \[[@pone.0235632.ref016]--[@pone.0235632.ref019]\]. These findings remain to be successfully replicated, and there exists a possibility of residual confounding due to unmeasured family factors, especially due to the social patterning and inequalities related to smoking behaviour \[[@pone.0235632.ref020], [@pone.0235632.ref021]\]. However, other epidemiological studies have reported adverse offspring outcomes related to paternal exposures in pre-puberty/puberty. Analyses of the RHINESSA, RHINE and ECRHS cohorts found that asthma was more common in offspring with fathers who were obese in puberty \[[@pone.0235632.ref022]\], as well as in offspring with fathers who smoked in adolescent years \[[@pone.0235632.ref023], [@pone.0235632.ref024]\].

With regard to sex-specific patterns, some studies report no sex differences in offspring BMI in relation to parental smoking \[[@pone.0235632.ref009], [@pone.0235632.ref025]--[@pone.0235632.ref027]\]. Other epidemiological \[[@pone.0235632.ref007], [@pone.0235632.ref008], [@pone.0235632.ref028]\] and experimental studies \[[@pone.0235632.ref029]--[@pone.0235632.ref032]\] indicate more pronounced effects among female offspring. In contrast, the ALSPAC study, reported associations between paternal smoking and increased risk of obesity to be significant only in the sons \[[@pone.0235632.ref016], [@pone.0235632.ref019]\]. Whether sexual dimorphism may be involved in parental transmission of smoking effects on offspring BMI, thus needs further investigation.

The aims of the present study were firstly, to investigate parental smoking onset in specific time windows (onset before 15 years; from age 15 and before conception; after offspring birth) in relation to offspring BMI and, in a subsample, fat mass. Secondly, we aimed to explore whether effects of preconception and early life parental smoking on offspring overweight was modified by sex of the offspring, and mediated by parental pack years of smoking, parental BMI, offspring smoking and, in a subsample, offspring birthweight.

Methods {#sec002}
=======

Study design and population {#sec003}
---------------------------

We investigated onset of parental smoking in relation to adult offspring BMI, using information from two generations. Data concerning the parent population were obtained from the population-based studies Respiratory Health in Northern Europe study (RHINE, [www.rhine.nu](http://www.rhine.nu/)) and the European Community Respiratory Health Survey (ECRHS, [www.ecrhs.org](http://www.ecrhs.org/)). Information regarding their offspring were collected in the RHINESSA study ([www.rhinessa.net](http://www.rhinessa.net/)). Medical research committees in each study centre approved the study protocols according to national legislation, and each participant gave written informed consent prior to participation ([S1 File](#pone.0235632.s013){ref-type="supplementary-material"}).

Parent population {#sec004}
-----------------

The parent sample comprised subjects originating from the ECRHS postal survey in 1990--94. The participants from seven Northern European study centres (Reykjavik in Iceland, Bergen in Norway, Umea, Uppsala and Gothenburg in Sweden, Aarhus in Denmark, and Tartu in Estonia) were followed up in the RHINE questionnaire study, 10 and 20 years after this baseline survey. At each study wave, postal questionnaire information was collected on lifestyle habits, sociocultural factors, and environmental factors such as childhood and adult exposure to tobacco smoke. A sub-sample was invited for clinical investigation and interview in the ECRHS follow-up studies after 10 and 20 years. For parents in two Spanish centres (Albacete and Huelva) and one Australian centre (Melbourne), information from ECRHS was harmonized with the RHINE data. The questionnaire forms used in ECRHS and RHINE can be found at <http://www.ecrhs.org/Quests/ECRHSIImainquestionnaire.pdf> and <http://rhine.nu/pdf/rhine%20Norway.pdf/> <http://rhine.nu/pdf/ECRHS%20II%20Norway.pdf>.

A flowchart of the study population is provided in [Fig 1](#pone.0235632.g001){ref-type="fig"}.

![Flow chart of study population.\
Overview of eligible unique RHINE/ECRHS parents and their RHINESSA offspring, and number excluded due to missing information on offspring's BMI and parental smoking habits.](pone.0235632.g001){#pone.0235632.g001}

Offspring population {#sec005}
--------------------

The RHINESSA study ([www.rhinessa.net](http://www.rhinessa.net/)) includes adult offspring (\> 18 years) of parents from seven RHINE study centres in Denmark, Iceland, Norway, Sweden and Estonia, and two Spanish (Huelva and Albacete) and one Australian (Melbourne) ECRHS centres. The offspring answered web-based and/or postal questionnaires in 2013--2015, which were harmonized with the RHINE protocols. Sub-samples of offspring who had parents with available clinical information, were invited for clinical investigation and interview, following standardized protocols harmonized with the ECRHS protocols. The questionnaire form used in the RHINESSA can be found at <https://helse-bergen.no/seksjon/RHINESSA/Documents/RHINESSA%20Screening%20questionnaires%20adult%20offspring.pdf>.

Exposure: Parental smoking {#sec006}
--------------------------

Parental smoking onset was defined from the questions: *i*. *"Are you a smoker*?*" ii*. *"Are you an ex-smoker*?*" iii*. *"If yes "How old were you when you started smoking*?*"* iiii. "*Smoked for ... years*.*" iv*. *"Stopped smoking in \[year\]"*. Ever-smokers were categorised according to age at smoking initiation (\<15 years/≥15 years), and whether smoking started before conception (≥2 years before offspring birth year) or after the offspring was born (≥1 year after offspring birth year). Thus, we constructed a four-level exposure variable with the mutually exclusive categories: never smoked, started smoking before age 15 years, started smoking between age 15 years and conception (preconception), and started smoking after offspring birth (postnatal). Parent-offspring pairs for which parents started smoking during the two-year interval around pregnancy and conception (up to 15 months before conception and up to 1 year after birth of the child) were excluded from the analysis (n = 92).

Outcomes: Offspring body mass index and fat mass index {#sec007}
------------------------------------------------------

Body mass index (BMI) was calculated from self-reported height and weight \[weight (kg)/height (m)^2^\]. Body composition and fat mass were estimated from bioelectrical impedance analysis measured using Bodystat 1500 MDD (<https://www.bodystat.com/medical/>). Fat mass index (FMI) was calculated as fat mass (kg)/height (m)^2^.

Potential confounders and mediators {#sec008}
-----------------------------------

Parental/offspring education was used as a proxy for socioeconomic status and categorised as lower (primary school), intermediate (secondary school) or higher (college or university). Parental pack years pre-conception/ from birth until age 18 years were calculated by multiplying the number of 20-packs of cigarettes smoked per day by the number of years the person had smoked up to ≥2 years before offspring birth year/ up to the offspring's eighteenth birth year. Parental BMI was calculated from self-reported height and weight at RHINE III. Offspring smoking was defined as ever smoking (current/ex-smokers) or never smoking based on the questions *i*. *"Do you smoke*?*"* ii. *"Did you smoke previously*?*"*. Offspring birthweight were obtained from national registry data for a subsample of 813 mother-offspring pairs.

Statistical analysis {#sec009}
--------------------

Maternal and paternal lines were analysed separately. Generalized linear regressions were used to analyse the associations between parental smoking in specific time windows and offspring BMI (and FMI in a subsample of 240), with adjustment for parental education. Two-dimensional clustering accounted for study centre and family. We set the Heteroscedasticity Consistent Covariance Matrix (HCCM), to version HC1, which made a degree of freedom correction that inflated each residual by the factor $\sqrt{N/\left( N - K \right)}$.

We tested for interactions between offspring sex and parental smoking onset on offspring BMI; the significance level for interaction effects was set to 0.05. We generated regression models and table/figure outputs by use of the 'jtool' package \[[@pone.0235632.ref033]\]. We considered other covariates, such as parental age, offspring education, the other parent's smoking habits, and BMI (data on the parent who did not participate in RHINE/ECRHS were obtained from the offspring themselves), to be included in the statistical model, as shown in [S1 Fig](#pone.0235632.s001){ref-type="supplementary-material"}. However, we did not find these factors likely to confound the relationship between parental smoking onset and offspring BMI, and therefore did not include them in the final models.

We constructed mediation models \[[@pone.0235632.ref034], [@pone.0235632.ref035]\] to investigate whether significant associations between parental smoking onset and offspring BMI were influenced by the following mediators: i. parental pack years, ii. parental BMI, iii. offspring smoking (never-smoked / ever smoked), and iv. offspring birthweight (only available for a subsample of offspring). To investigate whether effects differed by gender, we tested for effect modification by offspring sex. We conducted mediation analysis with the R package "Medflex"\[[@pone.0235632.ref036]\], embedded within the counterfactual framework, as this provided means to infer and interpret direct and indirect effect estimates in a nonlinear setting. Thus, the total effect of an exposure was decomposed into a natural direct effect (the part of the exposure effect not mediated by a given set of potential mediators) and natural indirect effect (the part of the exposure effect mediated by a given set of potential mediators). We followed the imputation-based approach for expanding and imputing the data and fitted a working model for the outcome mean. We fitted separate natural effect models, specified with robust standard errors based on the sandwich estimator. We generated confidence interval plots to visualise the effect estimates and their uncertainty.

We performed all analyses using R version 3.5.2, downloaded at the Comprehensive R Archive Network (CRAN) at [http://www.R-project.org/](http://www.r-project.org/).

Results {#sec010}
=======

Of unique fathers, 10% started smoking before age 15 years, 40% started smoking from age 15 years, and 2% started smoking after offspring birth. In the maternal line, 11% started smoking \<15 years, 39% started smoking ≥15 years, and 3% started smoking after offspring birth. Fathers and mothers who started smoking prior to conception had higher current BMI and less education compared to never smoking parents ([S1A and S1B Table](#pone.0235632.s007){ref-type="supplementary-material"}). In both the paternal (n = 2111) and maternal (n = 2569) lines, daughters had higher education, lower current BMI, and higher FMI, and started smoking earlier compared to sons ([Table 1A and 1B](#pone.0235632.t001){ref-type="table"}). In the maternal line, daughters had lower birthweight. Offspring of smoking parents had higher BMI, more frequently smoked themselves and had smoked more years, compared to offspring of never smoking parents. Sons with fathers who started smoking from age 15 but before conception also had higher FMI than sons with never smoking fathers.

10.1371/journal.pone.0235632.t001

###### 

A. Characteristics of 2111 fathers with 2939 sons and daughters. B. Characteristics of 2569 mothers with 3548 sons and daughters.

![](pone.0235632.t001){#pone.0235632.t001g}

  ------------------------------------------ ----------------- ---------------------- --------------------
  A                                                                                   
                                             **[Sons]{.ul}**   **[Daughters]{.ul}**   **[P-value]{.ul}**
                                             N = 1255 (43)     N = 1684 (57)          
  **[Paternal characteristics]{.ul}**                                                 
  Age years, mean ± SD                       55.1 ± 6.2        55.0 ± 6.0             p = 0.26
  Range                                      39--65            39--65                 
  BMI kg/m^2^, mean ± SD                     26.9 ± 3.8        26.8 ± 3.7             p = 0.32
  Range                                      16.5--53.3        16.8--53.7             
  Educational level, n (%)                                                            
   Primary                                   186 (15)          267 (16)               p = 0.70
   Secondary                                 466 (37)          617 (37)               
   University/College                        588 (47)          792 (47)               
  Smoking status, n (%)                                                               
   Never smoked                              616 (49)          783 (47)               p = 0.20
   Preconception \<15smoking onset           126 (10)          179 (11)               
   Preconception ≥15 smoking onset           482 (38)          696 (41)               
   Postconception smoking onset              31 (3)            26 (2)                 
  Years smoked, mean ± SD                    12.0 ± 15.4       12.4 ± 15.0            p = 0.33
  Range                                      0--59             0--52                  
  Packyears up to offspring age 18, median   17.4              16.7                   p = 0.95
  25^th^%, 75^th^%                           8.0, 27.2         9.9, 25.0              
  Packyears preconception years, median      7.0               7.0                    p = 0.95
  25^th^%, 75^th^%                           3.8, 12.0         4.0, 11.7              
  Age smoking onset, mean ± SD               17.6 ± 5.5        17.0 ± 4.5             p = 0.10
  Range                                      6--53             7--50                  
  **[Offspring characteristics]{.ul}**                                                
  Age years, mean ± SD                       29.5 ± 7.4        29.7 ± 7.3             p = 0.53
  Range                                      18--49            18--50                 
  BMI kg/m^2^, mean ± SD                     25.1 ± 4.2        23.8 ± 4.8             p \< 0.01
  Range                                      15.8--52.5        14.3--67.2             
  FMI fat mass kg/m^2^, mean ± SD            4.7 ± 2.9         5.9 ± 2.4              p \< 0.01
  Range                                      1.1--11.7         2.5--14.4              
  Educational level, n (%)                                                            
   Primary                                   41 (3)            40 (2)                 p \< 0.01
   Secondary                                 567 (45)          550 (33)               
   University/College                        644 (51)          1089 (65)              
  Smoking status, n (%)                                                               
   Never                                     886 (71)          1174 (70)              p = 0.43
   Ever                                      363 (29)          503 (30)               
  Years smoked, mean ± SD                    9.4 ± 7.0         9.2 ± 7.0              p = 0.79
  Range                                      0--36             0--33                  
  Age smoking onset, mean ± SD               16.9 ± 2.9        16.2 ± 2.7             p \< 0.01
  Range                                      9--28             10--30                 
  B                                                                                   
                                             **[Sons]{.ul}**   **[Daughters]{.ul}**   **[p-value]{.ul}**
                                             N = 1522 (43)     N = 2026 (57)          
  **[Maternal characteristics]{.ul}**                                                 
  Age years, mean ± SD                       54.3 ± 6.6        54.1 ± 6.4             p = 0.27
  Range                                      39--65            39--65                 
  BMI kg/m^2^, mean ± SD                     25.5 ± 4.3        25.7 ± 4.6             p = 0.19
  Range                                      14.2--49.3        16.8--65.5             
  Educational level, n (%)                                                            
   Primary                                   197 (13)          361 (18)               p \< 0.01
   Secondary                                 542 (36)          659 (33)               
   University/College                        773 (51)          999 (49)               
  Smoking status, n (%)                                                               
   Never smoked                              732 (48)          965 (48)               p = 0.42
   Preconception \<15smoking onset           154 (10)          232 (12)               
   Preconception ≥15 smoking onset           594 (39)          780 (39)               
   Postconception smoking onset              42 (3)            49 (2)                 
  Years smoked, mean ± SD                    11.1 ± 14.3       11.2 ± 14.2            p = 0.79
  Range                                      0--52             0--41                  
  Packyears up to offspring age 18, median   11.5              12.5                   p = 0.45
  25^th^%, 75^th^%                           5.8, 18.8         6.0, 19.2              
  Packyears preconception years, median      4.2               5.0                    p = 0.01
  25^th^%, 75^th^%                           2.5, 7.0          3.0, 8.0               
  Age smoking onset, mean ± SD               17.3 ± 4.3        17.0 ± 4.0             p = 0.22
  Range                                      9--49             7--44                  
  **[Offspring characteristics]{.ul}**                                                
  Age years, mean ± SD                       31.0 ± 7.8        30.9 ± 7.7             p = 0.49
  Range                                      18--52            18--52                 
  Birthweight kg, mean ± SD                  3.5 ± 0.6         3.4 ± 0.6              p \< 0.01
  Range                                      1.1--5.3          0.5--5.3               
  BMI kg/m^2^, mean ± SD                     25.3 ± 3.9        23.8 ± 4.4             p \< 0.01
  Range                                      12.7--44.7        14.9--49.0             
  FMI fat mass kg/m^2^, mean ± SD            4.0 ± 1.7         7.3 ± 4.3              p \<0.01
  Range                                      1.0--6.6          3\. 0--20.5            
  Educational level, n (%)                                                            
   Primary                                   45 (3)            49 (2)                 p \< 0.01
   Secondary                                 650 (43)          651 (32)               
   University/College                        826 (54)          1321 (65)              
  Smoking status, n (%)                                                               
   Never                                     1023 (67)         1321 (65)              p = 0.32
   Ever                                      493 (32)          699 (35)               
  Years smoked, mean ± SD                    9.4 ± 7.1         9.7 ± 7.2              p = 0.49
  Range                                      0--37             0--35                  
  Age smoking onset, mean ± SD               16.6 ± 3.1        16.0 ± 2.7             p \< 0.01
  Range                                      7--32             10--36                 
  ------------------------------------------ ----------------- ---------------------- --------------------

Test for sign differences between offspring sex; Wilcoxon Mann Whitney test for continuous variables, chi square and Kruskal Wallis test for categorical variables. Missing paternal values: Age: NA = 37; BMI: NA = 34; Educational level: NA = 23; Packyears. NA = 836. Missing offspring values: Age: NA = 7, FMI: NA = 2812, Educational level: NA = 8; Smoking status: NA = 13; Years smoked: NA = 72; Age smoking onset: NA = 29.

Missing maternal values: Age: NA = 80; BMI: NA = 85; Educational level: NA = 17; Packyears: NA 868. Missing offspring values: Age: NA = 10; FMI: NA = 3440, Educational level: NA = 6; Smoking status: NA = 12; Years smoked: NA = 63; Age smoking onset: NA = 25. Birthweight only available in subsample n = 813 (335 males and 478 females)

Fathers' smoking onset and offspring BMI and FMI {#sec011}
------------------------------------------------

In unadjusted analyses, father's preconception smoking, both starting before or from age 15 years, was associated with increased offspring BMI ([Fig 2](#pone.0235632.g002){ref-type="fig"}). There was no significant interaction between offspring sex and fathers' smoking onset with regard to offspring BMI (p = 0.395). With adjustment for father's education and offspring sex, father's smoking onset ≥15 years was significantly associated with increased BMI in their adult offspring ([Table 2](#pone.0235632.t002){ref-type="table"} and [Fig 2](#pone.0235632.g002){ref-type="fig"}). However, there was no association between postnatal smoking onset and offspring BMI.

![Visualising associations between fathers' smoking onset and offspring (n = 2916) BMI.\
The figure shows crude regressions and regressions adjusted for fathers' education and offspring sex. After adjustment for fathers' education, fathers' smoking onset ≥ 15 remains significantly associated with increased BMI in offspring.](pone.0235632.g002){#pone.0235632.g002}

10.1371/journal.pone.0235632.t002

###### Associations between fathers' smoking onset and offspring (n = 2916) BMI.

![](pone.0235632.t002){#pone.0235632.t002g}

  *Sons' and daughter's BMI*                                                       
  -------------------------------------------------------- ------- --------------- ----------------------------------------------
  Preconception smoking onset \< 15 years of age n = 303   0.486   -0.196--1.169   0.162
  Preconception smoking onset ≥ 15 years of age n = 1162   0.551   0.174--0.929    0.004[\*\*](#t002fn002){ref-type="table-fn"}
  Postnatal smoking onset n = 57                           0.763   -0.692--2.217   0.304

Estimates from generalized linear regression models with adjustment for offspring sex and fathers' education. Clustered by family id and study centre. P value significance level: \*.05,

\*\*.01, \*\*\*.001.

When adjusting for fathers' education, fathers' smoking onset ≥15 remains significantly associated with increased BMI in offspring.

In the subsample with data on FMI, father's preconception and postnatal smoking onset were associated with increased offspring FMI ([Table 3](#pone.0235632.t003){ref-type="table"} and [Fig 3](#pone.0235632.g003){ref-type="fig"}). There were significant differences between sons and daughters, and only sons of fathers' who started to smoke ≥15 years of age (interaction p = 0.014) or after birth (interaction p = 0.020) had significantly higher FMI compared to sons of never smoking fathers. This trend was not seen among daughters, however, analysis indicated that both sons and daughters of fathers who started to smoke before the age of 15 had higher fat mass ([Table 3](#pone.0235632.t003){ref-type="table"} and Figs [3](#pone.0235632.g003){ref-type="fig"} and [4](#pone.0235632.g004){ref-type="fig"}).

![Visualising associations between fathers' smoking onset and offspring (n = 129) FMI.\
The figure shows crude regressions and regressions adjusted for fathers' education and offspring sex added as an interaction term. In fully adjusted model, fathers' smoking onset at all time points (\<15, ≥ 15 and after birth) are significantly associated with increased FMI in offspring, but there are significant differences between offspring sex, and only sons of fathers who started to smoke ≥15 years of age (interaction p = 0.014) or after birth (interaction p = 0.020) had significantly higher FMI compared to sons of never smoking fathers.](pone.0235632.g003){#pone.0235632.g003}

![Visualising mean FMI differences in sons and daughters according to fathers' smoking onset.\
Interaction plot, depicting how offspring sex modify the associations between fathers' ≥15 and postnatal smoking onset and offspring's FMI.](pone.0235632.g004){#pone.0235632.g004}

10.1371/journal.pone.0235632.t003

###### Associations between fathers' smoking onset and offspring (n = 129) FMI.

![](pone.0235632.t003){#pone.0235632.t003g}

  *Sons' and daughter's FMI*                                                                                                                                   
  ------------------------------------------------------------------------------------- ------- -------------- ----------------------------------------------- -----------------------------------------------
  Preconception smoking onset \< 15 years of age                                        1.604   0.269--2.939   0.019 [\*\*](#t003fn005){ref-type="table-fn"}   0.982
  Preconception smoking onset ≥ 15 years of age[^a^](#t003fn001){ref-type="table-fn"}   2.590   0.544--4.636   0.013 [\*\*](#t003fn005){ref-type="table-fn"}   0.014 [\*\*](#t003fn005){ref-type="table-fn"}
  Postnatal smoking onset[^b^](#t003fn002){ref-type="table-fn"}                         2.736   0.621--4.851   0.011 [\*\*](#t003fn005){ref-type="table-fn"}   0.020 [\*\*](#t003fn005){ref-type="table-fn"}

^**a**^moking onset ≥15: daughters β: -2.797, CI: (-5.023, -0.571)

^**b**^ Postnatal smoking onset: daughters β: -3.041, CI: (-5.599, -0.483)

Estimates from generalized linear regression models with offspring sex as interaction term and adjustment for fathers' education.

Clustered by family id and study centre. P value significance level: \*.05,

\*\*.01, \*\*\*.001

Mothers' smoking onset and offspring BMI and FMI {#sec012}
------------------------------------------------

Mother's smoking starting at all time points were associated with increased BMI in her offspring ([Table 4](#pone.0235632.t004){ref-type="table"} and [Fig 5](#pone.0235632.g005){ref-type="fig"}). There were no significant differences between sons and daughters, except that sons of mothers who started to smoke ≥15 years (interaction p = 0.010) had significantly higher BMI compared to sons of never smoking mothers. There was no such trend among daughters. There was no association with mothers' preconception and postnatal smoking onset and FMI in her offspring ([S2 Table](#pone.0235632.s008){ref-type="supplementary-material"}).

![Visualising associations between mothers' smoking onset and offspring (n = 3531) BMI.\
The figure shows crude and adjusted regressions, with adjustment for mothers' education and offspring sex added as interaction term. In fully adjusted model, mothers' smoking onset at all time points (\<15, ≥ 15 and after birth) are significantly associated with increased BMI in offspring, but with significant differences between offspring sex. Only sons of mothers who started to smoke ≥15 years (interaction p = 0.010) had significantly higher BMI compared to sons of never smoking mothers.](pone.0235632.g005){#pone.0235632.g005}

10.1371/journal.pone.0235632.t004

###### Associations between mothers' smoking onset and offspring (n = 3531) BMI.

![](pone.0235632.t004){#pone.0235632.t004g}

  *Sons' and daughter's BMI*                                                                                                                                       
  ------------------------------------------------------------------------------------- ------- -------------- --------------------------------------------------- -----------------------------------------------
  Preconception smoking onset \< 15 years of age                                        1.161   0.378--1.944   0.004 [\*\*](#t004fn003){ref-type="table-fn"}       0.338
  Preconception smoking onset ≥ 15 years of age[^a^](#t004fn001){ref-type="table-fn"}   0.720   0.293--1.147   0.001 [\*\*](#t004fn003){ref-type="table-fn"}       0.010 [\*\*](#t004fn003){ref-type="table-fn"}
  Postnatal smoking onset                                                               2.257   1.220--3.294   \<0.001 [\*\*\*](#t004fn004){ref-type="table-fn"}   0.952

^**a**^ Smoking onset ≥15: daughters β: -0.717, CI: (-1.264, -0.170)

Estimates from generalized linear regression with offspring sex as interaction term and adjustment for mothers' education. Clustered by family id and study centre. P value significance level: \*.05,

\*\*.01,

\*\*\*.001

Mediation analyses of fathers' smoking onset and offspring BMI {#sec013}
--------------------------------------------------------------

For the association of father's smoking onset ≥15 years with offspring BMI, we analysed mediation by fathers' pack years of smoking, fathers' BMI, and offspring's smoking ([Table 5](#pone.0235632.t005){ref-type="table"} and [S2 Fig](#pone.0235632.s002){ref-type="supplementary-material"}). Mediation analysis by fathers' pack years up to offspring age 18 revealed indirect but no direct effect, thus suggesting full mediation of the observed association between fathers' smoking onset ≥ 15 years and offspring BMI by fathers' pack years. When restricting analysis to pack years in preconception years only, there was no mediation via fathers' accumulative smoking.

Mediation by fathers' BMI confirmed both a direct effect of fathers' smoking onset ≥15 years and an indirect effect via fathers' BMI, suggesting partial mediation by fathers' BMI.

Similarly, there was partial mediation of the association between fathers' smoking onset ≥ 15 years and offspring obesity by offspring smoking status with both a direct and an indirect effect.

None of the above observed effects were modified by offspring sex.

10.1371/journal.pone.0235632.t005

###### Mediation of the observed association between fathers' ≥15 smoking onset and offspring BMI.

![](pone.0235632.t005){#pone.0235632.t005g}

  Causal mediation analysis father offspring                                                    
  --------------------------------------------------------------- ---------- ------- ---------- ----------------------------------------------------
  **A) Mediation by fathers' packyears up to offspring age 18**                                 
  *Preconception smoking onset ≥15*                                                             
  Natural direct effect                                           0.240      0.318   0.756      0.450
  Natural indirect effect                                         0.482      0.239   2.014      0.044 [\*](#t005fn003){ref-type="table-fn"}
  Total effect                                                    0.722      0.237   3.047      0.002 [\*\*](#t005fn004){ref-type="table-fn"}
  Interaction by offspring sex: 0.209                                                           
  **B) Mediation by fathers' preconception packyears**                                          
  *Preconception smoking onset ≥15*                                                             
  Natural direct effect                                           0.677      0.235   2.879      0.004 [\*\*](#t005fn004){ref-type="table-fn"}
  Natural indirect effect                                         \- 0.092   0.130   \- 0.708   0.479
  Total effect                                                    0.585      0.205   2.848      0.004 [\*\*](#t005fn004){ref-type="table-fn"}
  Interaction by offspring sex: 0.913                                                           
  **C) Mediation by fathers' BMI**                                                              
  *Preconception smoking onset ≥15*                                                             
  Natural direct effect                                           0.367      0.170   2.159      0.031 [\*](#t005fn003){ref-type="table-fn"}
  Natural indirect effect                                         0.214      0.053   4.058      \< 0.001 [\*\*\*](#t005fn005){ref-type="table-fn"}
  Total effect                                                    0.582      0.178   3.264      0.001 [\*\*](#t005fn004){ref-type="table-fn"}
  Interaction by offspring sex: 0.528                                                           
  **D) Mediation by offspring smoking status**                                                  
  *Preconception smoking onset ≥15*                                                             
  Natural direct effect                                           0.488      0.180   2.711      0.007 [\*\*](#t005fn004){ref-type="table-fn"}
  Natural indirect effect                                         0.080      0.028   2.900      0.004 [\*\*](#t005fn004){ref-type="table-fn"}
  Total effect Interaction by offspring sex: 0.134                0.568      0.177   3.215      0.001[\*\*](#t005fn004){ref-type="table-fn"}

Effect decomposition on the scale of the linear predictor with standard errors based on the sandwich estimator.

Conditional on fathers' educational level and offspring sex. P value significance level:

\*.05,

\*\*.01,

\*\*\*.001

Mediation analyses of mothers' smoking onset and offspring BMI {#sec014}
--------------------------------------------------------------

With regard to the maternal line, there were significant associations of mother's smoking starting \<15 years, ≥15 years, and postnatally, thus, we analysed mediation by mothers' pack years of smoking, mothers' BMI and offspring smoking for each of these associations.

Similarly to the mediation analyses in the paternal line, mediation analysis by mothers' pack years up to offspring's age 18 revealed presence of an indirect but no direct effect, suggesting full mediation of the observed association between mother's preconception smoking onset both before and from 15 years, and offspring BMI (onset \<15 years: β: 1.059, p \<0.001; onset ≥15 years β: 0.833, p \<0.001; [S3 Table](#pone.0235632.s009){ref-type="supplementary-material"} and [S3 Fig](#pone.0235632.s003){ref-type="supplementary-material"}). There was partial mediation of mothers' pack years up to offspring's age 18 on mothers' postnatal smoking onset and offspring BMI where both indirect (β: 0.276, p = 0.001) and direct (β: 1.950, p \<0.001) effects were significant and pointed in the same direction. We did not find any direct or indirect effects via mothers' preconception pack years ([S3 Table](#pone.0235632.s009){ref-type="supplementary-material"} and [S3 Fig](#pone.0235632.s003){ref-type="supplementary-material"}).

Mediation by mothers' BMI confirmed partial mediation with presence of both a direct effect of mothers' preconception smoking onset before 15 years of age (β: 0.551, p = 0.026) as well as smoking onset after birth (β: 1.869, p \<0.001), and an indirect effect via mothers' BMI (onset \<15: β: 0.334, p \<0.001; onset after birth: β: 0.320, p = 0.013). There was no evidence of direct or indirect effects via mothers' BMI in relation to mothers' preconception smoking onset ≥15 ([S4 Table](#pone.0235632.s010){ref-type="supplementary-material"} and [S4 Fig](#pone.0235632.s004){ref-type="supplementary-material"}).

There was indication of partial mediation by offspring's own smoking status, as both direct effects of smoking onset before 15 years of age (β: 0.841, p = 0.001) and smoking onset after birth (β: 2.090, p \<0.001), as well as indirect effects via offspring's smoking were present (onset \<15 years: β: 0.059, p = 0.016; onset ≥15 years β: 0.031, p = 0.019; onset after birth: β: 0.129, p = 0.013, [S5 Table](#pone.0235632.s011){ref-type="supplementary-material"} and [S5 Fig](#pone.0235632.s005){ref-type="supplementary-material"}).

In a subsample with birth weight data, there was no evidence of mediation by offspring birthweight as only a direct effect of mothers' smoking onset \<15 years on offspring BMI were present ([S6 Table](#pone.0235632.s012){ref-type="supplementary-material"} and [S6 Fig](#pone.0235632.s006){ref-type="supplementary-material"}).

None of the above observed effects were modified by offspring sex.

Discussion {#sec015}
==========

Father's smoking starting before conception was associated with higher BMI in his adult offspring. Bioimpedance measurements for a subsample also found that sons of smoking fathers, starting both before conception and during postnatal years, had higher fat mass, thus suggesting a consistent effect on sons' body composition. Mother's preconception and postnatal smoking onset was also associated with higher adult BMI in her offspring, but these associations were not supported by fat mass analysis in a subsample. Mediation analyses showed that the observed associations between parents' preconception smoking onset and offspring BMI were fully mediated via parents' postnatal pack years. Furthermore, parents BMI and offspring's own smoking status partially mediated the effects of parents' smoking onset on offspring BMI.

To our knowledge, this is the first study that has shown consistently higher BMI and fat mass levels in offspring of smoking fathers' where the offspring has reached adulthood. Our results further suggest that fathers' smoking may have more pronounced effects on their sons' fat mass when compared to daughters. A potential sex-specific effect on offspring's body composition supports previous reports of particularly paternal smoking trajectories to impact on sons' fat mass and risk of becoming obese \[[@pone.0235632.ref016], [@pone.0235632.ref019]\]. However, in contrast to findings in the ALSPAC study, where only fathers' smoking in mid-childhood and pre-pubertal years was associated with increased BMI and fat mass in the sons \[[@pone.0235632.ref019]\], our study indicate that father's preconception smoking starting both before and from age 15 years were associated with increased fat mass in his adult sons. This was also seen in sons where fathers started to smoke after birth. This may reflect the direct toxicogenic effects cigarette smoke exert on biological processes involved in metabolic health. Previous studies have found germ cells and elevated reactive oxygen species (ROS) to mediate metabolic phenotypes in offspring \[[@pone.0235632.ref029], [@pone.0235632.ref031], [@pone.0235632.ref037], [@pone.0235632.ref038]\]. Smoking has also been shown to induce both ROS overproduction as well as epigenetic changes to germ cells \[[@pone.0235632.ref029], [@pone.0235632.ref039]\], which adds biological plausibility of paternal smoking to be drivers of complex offspring phenotypes. Although increased adipose tissue does not necessarily translate into metabolic abnormalities, both BMI and FMI are regarded important determinants of metabolic health at the population level \[[@pone.0235632.ref040], [@pone.0235632.ref041]\], and childhood adiposity has been reported to be associated with increased risk of adult type 2 diabetes mellitus \[[@pone.0235632.ref042]\]. In a recent epigenome-wide association study, we found that adult offspring with smoking fathers had differential methylation in regions related to innate immune system pathways and fatty acid bio-synthesis \[[@pone.0235632.ref043]\]. These are inflammatory signalling pathways and metabolic signals that have been linked to obesity \[[@pone.0235632.ref044]\]. However, whether the observed associations between increased BMI and FMI among offspring of smoking fathers relate to metabolic phenotypes needs further investigation. Our study also indicated that parental smoking exposures transmit through the maternal line, as also mothers' pre- and postnatal smoking onset was related to higher BMI in her adult sons and daughters. However, offspring of smoking mothers did not have a higher fat mass. This may suggest that maternal and paternal smoking trajectories influence their offspring body composition and risk of obesity through different biological mechanisms and pathways.

Through independent mediation analyses, we sought to investigate how parental smoking onset may influence offspring BMI. By including parental pack years as a potential mediator, we aimed to disentangle the effect of parents' smoking onset, and specifically smoking onset before conception, from an accumulative and sustained smoking exposure during peri-and post- natal life. Our findings show that parents' smoking onset influence their offspring BMI via pack years smoked during childhood years, up to the offspring's age 18. This may very well reflect the importance of families' shared environment and the impact lifestyle-related factors, such as dietary habits and physical activity, exert on BMI levels and risk of obesity \[[@pone.0235632.ref045], [@pone.0235632.ref046]\]. This may also explain why both fathers' preconception as well as postnatal smoking onset was associated with increased fat mass in their sons, and why we did not find preconception pack years to mediate the association between parents' smoking onset and offspring BMI.

Furthermore, we found that parents' BMI, partially mediated the effect of pre- and postnatal smoking onset on offspring BMI. Although this may indicate a genetic contribution in body composition, we also found that offspring's smoking status partially mediated the effect of parents smoking onset on their adult BMI, where offspring who had or were smoking themselves, tended to have higher BMI in adulthood compared to offspring who had never smoked. As such, our results may reflect the influence of multiple pathways and the complex interplay between genetics, biology, behaviour, and environment, potentially involved in the aetiology of obesity \[[@pone.0235632.ref047], [@pone.0235632.ref048]\]. These multifactorial aspects may also explain why our results contrast from previous studies related to offspring asthma outcomes in the RHINESSA, RHINE and ECRHS cohorts, where the fathers' pubertal and adolescent years specifically have been shown to constitute an important time window for transmission of paternal lineage exposures \[[@pone.0235632.ref022]--[@pone.0235632.ref024]\].

Low birthweight due to growth restriction during pregnancy is one factor that has been thought to be on the causal pathway between maternal smoking and offspring's risk of obesity in later life \[[@pone.0235632.ref004]\]. We found no evidence that the association between mothers' smoking onset and offspring BMI was mediated via her sons' or daughters' birthweight. However, the present study was not able to distinguish true growth retarded newborns from those being born small due to genetic factors, thus a potential causal role of birthweight on overweight in subsequent years warrants further investigation.

A strength of the present study was that the study population originated from two linked inter-generational study cohorts that enables long-term investigation of exposures, across generations and in adult offspring. Further, we used multinational data following standardized protocols. The study also had clear limitations. The main outcome, offspring BMI, was based on self-reported height and weight which can possibly add bias to our estimates. However, we would expect this potential bias to be non-differential, since offspring of smoking and never smoking parents assessed their height and weight in the same manner. There is no reason to believe that offspring of smoking parents would report height and weight any differently than offspring of non-smoking parents. Moreover, studies assessing the validity of self-reported measurements of anthropometric characteristics, have showed that the correlation between self-reported and technician-measured BMI is high (0.92) \[[@pone.0235632.ref049]\]. Although BMI does not distinguish between lean and fat mass, it is commonly used to determine overweight in clinical research settings as it is closely related with body fat \[[@pone.0235632.ref050], [@pone.0235632.ref051]\]. In addition, we verified our findings in a sub-sample of sons and daughters with clinical data on fat mass. However, this sub-sample was of limited size, and we did not have sufficient statistical power to conduct mediation analyses of the observed associations between fathers' smoking onset and offspring fat mass. With regard to smoking exposure, we had information only on the participating parent, and have thus not been able to account for a potential smoking exposure arising from the other parent in the household. Neither do we have detailed information about where the parents smoked (inside house/outside house/other places), thus we have not been able to address levels of cigarette smoke the offspring would have been exposed to. Furthermore, we excluded parent-offspring pairs with missing information on parental smoking (n = 1477), which consequently reduced our sample size. Some of the parental smoking onset categories were also limited in numbers, which potentially could influence the reliability of our results. A multitude of exposures and difference in genetic background exists in population studies, and as the offspring in the present study have reached adulthood, they have been exposed to a variety of environmental factors. However, to be regarded as potential confounders, they would per definition precede both the exposure (parental smoking onset in adolescent and early adult years) and outcome (adult offspring BMI) in time. Thus, this does rule out many factors that traditionally would be included in models assessing associations with BMI in adults. We investigated whether parents' adult BMI mediated the effect of parental smoking onset on offspring BMI. However, we did not have information on parents BMI in childhood and pre-adolescent years, which potentially can be of importance and a potential confounder as this would precede both the exposure and outcome in time. Moreover, we did not have information regarding adoption in the offspring population, and whether the participating parent was the biological parent. Thus, unmeasured factors may have impacted on our findings. We chose to use a mediation analysis embedded within the counterfactual framework due to its flexibility in handling non- linear parametric models. However, we have not been able to assess the robustness of our findings and investigated whether there are violations to the identification assumptions, especially with regard to all potential variables being independent and accounted for. This should be further investigated.

Conclusion {#sec016}
==========

In this multicentre population-based study of two generations, we found that fathers beginning to smoke before conception was associated with higher BMI in their adult sons and daughters, and that father's smoking starting in any time window was associated with higher FMI in adult sons. In contrast, mothers' pre-as well as postnatal smoking onset was associated with higher offspring adult BMI, but not higher fat mass. Independent mediation analysis indicated that parents' pack years up to offspring's age 18, but not preconception pack years, fully mediated these effects. This may suggest that an accumulative smoking exposure during offspring's childhood may be needed in order to elicit long lasting effects on offspring BMI and risk of becoming obese. In addition, we found partial mediation by parents' BMI and offspring own smoking status, which may further reflect the importance of families' shared environment and the impact lifestyle-related factors, such as dietary habits and physical activity, exert on BMI levels and risk of obesity. As such, our results support the multifactorial aspects contributing to obesity.

Supporting information {#sec017}
======================

###### Directed Acyclic Graph (DAG).

The figure presents covariates considered to be included in the statistical model.

(TIF)

###### 

Click here for additional data file.

###### Visualising mediations of the association with fathers' ≥15 smoking onset on offspring BMI.

Analyses reveal full mediation by fathers' pack years and partial mediation by fathers' BMI and offspring's own smoking status. There is no mediation via fathers' preconception accumulative smoking.

(TIF)

###### 

Click here for additional data file.

###### Visualising mothers' pack years as mediator of the observed associations between mothers' smoking onset and offspring BMI.

(TIF)

###### 

Click here for additional data file.

###### Visualising mothers' BMI as mediator of the observed associations between mothers' smoking onset and offspring BMI.

(TIF)

###### 

Click here for additional data file.

###### Visualising offspring's smoking habits as mediator of the observed associations between mothers' smoking onset and offspring BMI.

(TIF)

###### 

Click here for additional data file.

###### Visualising offspring's birthweight as mediator of the observed associations between mothers' smoking onset and offspring BMI.

(TIF)

###### 

Click here for additional data file.

###### 

A. Descriptive table of father offspring cohort grouped by fathers' smoking onset and stratified by offspring sex. B. Descriptive table of mother offspring cohort grouped by mothers' smoking onset and stratified by offspring sex. Parents who started smoking prior to conception have higher current BMI and less education compared to never smoking parents. Offspring of smoking parents have higher BMI, more frequently smoke themselves and have smoked more years, compared to offspring of never smoking parents. Sons with fathers who started smoking from age 15 but before conception also have higher FMI than sons with never smoking fathers.

(PDF)

###### 

Click here for additional data file.

###### Associations between mothers' smoking onset and offspring (n = 111) FMI.

The figure shows regression model adjusted for mothers' education and offspring sex and reveals no association with mothers' preconception and postnatal smoking onset and FMI in her offspring.

(PDF)

###### 

Click here for additional data file.

###### Mothers' pack years as mediator of the observed associations between mothers' smoking onset and offspring BMI.

The association between mothers' preconception smoking onset and offspring BMI is fully mediated by mothers' postnatal pack years, whereas mothers' postnatal smoking onset and offspring BMI is partially mediated by mothers' postnatal packyears. There is no evidence of direct or indirect effects via mothers' preconception accumulative smoking in relation to mothers' smoking onset.

(PDF)

###### 

Click here for additional data file.

###### Mothers' BMI as mediator of the observed associations between mothers' smoking onset and offspring BMI.

The association between mothers' preconception smoking onset before 15 years of age as well as smoking onset after birth and offspring BMI is partially mediated by mothers' BMI. There is no evidence of direct or indirect effects via mothers' BMI in relation to mothers' preconception smoking onset ≥15.

(PDF)

###### 

Click here for additional data file.

###### Offspring's smoking habits as mediator of the observed associations between mothers' smoking onset and offspring BMI.

The association between mothers' preconception smoking onset before 15 years of age as well as smoking onset after birth and offspring BMI is partially mediated by offspring's own smoking status.

(PDF)

###### 

Click here for additional data file.

###### Offspring's birthweight as mediator of the observed associations between mothers' smoking onset and offspring BMI.

In a subsample with birth weight data, there is no evidence of mediation by offspring birthweight.

(PDF)

###### 

Click here for additional data file.

###### Table of ethic committee name and approval number for each study center.

(PDF)

###### 

Click here for additional data file.
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Reviewer \#1: Ref: PONE-D-20-07665

Comments to Authors:

Congratulations on this interesting manuscript.

The comments below constitute my review, and a number of points will require addressing.

By way of overall summary: the major revision I suggest is the acknowledgement of the myriad cardiovascular and endocrine risk factors that are all confounders to the outcomes reported here, and as such must be acknowledged as not adjusted for in this work.

Comprehensive review:

In the manuscript titled 'Parents' smoking onset before conception as related to body mass index and fat mass in adult offspring: Findings from the RHINESSA generation study' Knudsen et al report interesting findings related to the largely pre-conception exposure to tobacco smoking in mothers and fathers and subsequent health consequences in offspring through to adulthood. This study comes from analysing three studies, the RHINE and the ECRHS, which provided data on the parents of the cohort, and the RHINESSA project, which provided data on the offspring of this cohort. The RHINESSA study typically publishes data related to respiratory conditions such as asthma and atopic disease. This cohort includes participants from across multiple centres in Europe and also Melbourne, Australia, and aims to follow up multiple generations of participants to investigate genetics and epigenetic influences on disease -- as has occurred in this study.

The number of authors listed for such a manuscript is appropriate.

The financial disclosures appear to be thorough and cover the project included in the manuscript.

The ethics statement is complete and appears to cover all research sites.

The authors have responded to the data availability question with 'no -- some restrictions will apply'.

Detailed review:

Background:

The main point of this background is the suggestion that there is evidence that the germline cells of the parents might have critical exposure-sensitive periods for triggering epigenetic responses that will influence the risk of offspring becoming obese later in life. The remainder of the background is not directly of relevance to the manuscript but is interesting. It could be better placed in a broader discussion section as opposed to the background.

The aims of the study are well presented, and ambitious. The overall aim is to investigate how timing of parental smoking onset (divided into 3 groups of before age 15 years, after age 15 years and after birth) may impact offspring BMI and in a small sample, impact fat mass. Secondary aims are to investigate the sex differences in this findings and to investigate the confounders of parental pack years, parental BMI and offspring smoking.

Methods:

Parents: ECRHS survey for baseline data then followed up in RHINE study 10-20 years after. All had postal survey, some had clinics.

Figure 1 is necessary and useful, but can be improved with more details provided about study centres and dates of the original surveys. Currently all we learn from the figure is sample numbers, when it is easy to make this figure more appealing to include the locations of these participants and the dates of the original studies and the form of the studies (postal questionnaires, clinics etc).

Offspring: Appropriately described

Exposure: 4 level exposure created. Parents who started smoking in the 2 year interval around pregnancy were excluded, as the exposure seems only to be defined by years, and not by dates exactly. This is likely due to the original surveys only allowing answers by year.

Outcomes: BMI from self-report. Less than ideal. Body fat mass from bioelectrical impedance analysis and FMI from that measurement/height\^2. I am unsure how accurate such techniques are and as such, how valid this approach is.

Confounders: The variables considered were parental socioeconomic status (via parental education), parental pack years, parental BMI (self report), offspring smoking (ever vs never only) and offspring birthweight.

This is a small number of confounders. These are all indeed vital confounders to consider, but there are myriad other critical confounders that could be influencing the outcomes from across the huge list of cardiovascular and endocrine risk factors both prior to conception and post-natally. We also know that the amount of smoking in close confinement to the offspring post birth is of importance, as studies with serum cotinine samples of tobacco exposure prove that although some parents may be smoking a great deal (as per pack years), if they do so outside or otherwise away from the child, they can mitigate possible exposures to their offspring.

In reality a number of other confounders not listed in the methods were also included in results: parental age, offspring education, other parents smoking habits, and other parents BMI (other parents information obtained from the offspring...), however these were not include din final models.

Statistical analysis:

Simple statistical approaches were employed appropriately.

The mediation models were created for all the key confounders listed in the methods. This was performed in an appropriate way utilising well known R packages, which I personally have not utilised.

Results:

Table 1A and 1B and S1A and B: significant missing values for age smoking onset and packyears noted

Tables would be clearer with stepped rows under umbrella terms. For example: 'educational level, n (%)' should be far left of the row, then the educational level options should be indented slightly so the reader can easily see the nested options.

Figure 2 shows that following adjustment (for father education and offspring sex) only fathers smoking after age 15 was associated with increased offspring BMI, but starting smoking before the age of 15 or after birth of offspring was not statistically associated. The strength of the association is modest and is demonstrated in Table 2. The use of both a table and figure for this result is perhaps unnecessary.

Table 3 and Fig 3 show the results for Father smoking and offspring FMI. Figure 4 provides interesting sex differences according to fathers smoking onset. There are very wide confidences on most of these data.

Maternal smoking onset and offspring BMI and FMI is presented in the same manner as paternal. Aternal smoking appears to be worse for the offspring in regards to the outcomes presented here.

The mediation analyses of father and mother smoking onset and offspring BMI is of interest and is well presented.

FigS2, along with all mediation plots, should be improved to capitalise the first letters of the Y-axis labels. Again, confidences are large in these data.

The authors should define what exactly the natural direct and indirect effects mean, so that those not used to these analysis can understand better and learn.

Discussion and conclusion:

The descriptive results are interesting, and may well be novel, however we must ask if they of fundamental importance. We know that parents smoking and being of high BMI is a huge risk factor for their children subsequently smoking and being of high BMI, this is well established. Children being of high BMI is a huge risk factor for being of high BMI in adulthood. So demonstrating that a fathers smoking influenced the BMI of their offspring in adulthood does seem somewhat intuitive. Despite this, it is of course important to prove such associations as the authors have done here.

See papers here that may remove some novelty from the findings in this manuscript. There appear to be others also and these should be discussed in the text, even if briefly.

<http://dx.doi.org/10.1136/bmjopen-2015-007682>

<https://dx.doi.org/10.1038%2Fijo.2013.101>

The discussion re possible biological mechanisms, focused on epigenetics, of the effects is sound.

The discussion of limitations is good, and highlights many of the issues. The major issue with this paper is the limited adjustment for confounding mediated through variables not considered in the analysis. The mediation of association analysis is interesting and of reportable note, but the primary findings remain largely unadjusted for confounders that are usually considered in the primary analysis. Some measures of risk factors usually included in models as utilised here include variables for physical (in)activity, nutritional status, alcohol consumption, sleep, stress, environmental factors such urban vs regional vs rural etc. A great deal of power is placed on the single measure of socio-economic status (parental education and offspring education) which is not ideal.

Despite this, the manuscript reports interesting findings in relation to the effect of parents pack-years on offspring BMI and FMI, however the headline findings that - fathers beginning to smoke before conception was associated with higher BMI in their adult sons and daughters, and that father's smoking starting in any time window was associated with higher FMI in adult sons. And that mothers' pre-as well as postnatal smoking onset was associated with higher offspring adult BMI, but not higher fat mass -- are results relying on largely unadjusted models which suggest profound epigenetic influence across the life course. This must be presented and discussed with caution.

The authors appropriately mention the multi-factorial aspects of risk contributing to obesity in the conclusion and I think this is of vital importance.

Reviewer \#2: Results

Lines 217-219, check the percentages and they were not adding up to 100%

Lines 250-251. It is not clear if non-significant associations for postnatal smoking or smoking onset \<15 were due to reduced sample size in Table 2. They were both positive. Suggest adding N in each line of Table 2.
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29 May 2020

Response to Reviewers

First, we would like to thank the academic editor and reviewers for their valuable and interesting comments to improve the paper. Please find below our point-by-point response to the comments.

The changes from the original version are referred to by page- and line numbers in the revised version of the manuscript (without track changes).

In-house editor after resubmitting revised manuscript

Comment 1: Your manuscript files have been checked in-house but before we can proceed we need you to address the following issues: Thank you for including your ethics statement on the online submission form. To help ensure that the wording of your manuscript is suitable for publication, would you please also add this statement at the beginning of the Methods section of your manuscript file.

Response 1: Thank you for help ensuring that the wording in the manuscript is suitable for publication. In the revised version of the manuscript, we have added this statement in the first paragraph of the method section (lines 123-125) , and ethic committee name and approval number for each study center have been provided as supportive information in table S1 Resource ethics (line 125).

Comment 2: We also note the following comments in your cover letter: "Due to Norwegian ethical and legal restrictions the data underlying this study are available upon request to qualified researchers. Requests for data access can be directed to Haukeland University Hospital, 5021 Bergen, Norway. Att. RHINESSA PI Cecilie Svanes; email: <postmottak@helse-bergen.no>; phone: +47 55975000. Org, nr. 983 974 724."

However, we see Dr. Cecilie Svanes is listed as an author of this study. To ensure your submission adheres to the PLOS ONE policy on acceptable data access restrictions, please provide non-author contact information for a data access committee, ethics committee, or other institutional body to which data requests may be sent. Note that it is not acceptable for an author to be the sole named individual responsible for ensuring data access.

Response 2: Thank you for drawing our attention to this inconsistency. In the revised cover letter, non-author contact information for data access has been provided.

Academic editor

Comment 1: Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming.

Response 1: Thank you for drawing our attention to any inconsistency regarding style requirements. We have urged to adhere to PLOS ONE's requirements and templates in the revised version of the manuscript.

Comment 2: Please include additional information regarding the survey or questionnaire used in the study and ensure that you have provided sufficient details that others could replicate the analyses. For instance, if you developed a questionnaire as part of this study and it is not under a copyright more restrictive than CC-BY, please include a copy, in both the original language and English, as Supporting Information.

Response 2: Thank you for bringing this to our attention. The questionnaires used in the ECRHS, RHINE and RHINESSA studies are not restricted by copyright more restrictive than CC-BY, and all questionnaire forms can be found and downloaded at the study cohorts web sites. This information has now been added in the method section in the revised manuscript, with URL provided so that all readers can easily access the questionnaires.

Comment 3: We note that you have indicated that data from this study are available upon request. PLOS only allows data to be available upon request if there are legal or ethical restrictions on sharing data publicly.

Response 3: Due to Norwegian ethical and legal restrictions the data underlying this study are available upon request to qualified researchers. Requests for data access can be directed to Haukeland University Hospital, 5021 Bergen, Norway. Att. Head of Department. Dept. of Occupational Medicine, Marit Grønning; email: <postmottak@helse-bergen.no>; phone: +47 55975000. Org, nr. 983 974 724. The updated Data Availability statement is now promptly addressed in the revised cover letter.

Comment 4: We note you have included a table to which you do not refer in the text of your manuscript. Please ensure that you refer to Table 1 in your text; if accepted, production will need this reference to link the reader to the Table.

Response 4: Thank you for drawing our attention to this. In the revised version of the manuscript, we have removed the table that was not referred to in the text (regarding Resource. Funding). The funding information has been entered in the online submission system.

Reviewer \#1

Comment 1: The major revision I suggest is the acknowledgement of the myriad cardiovascular and endocrine risk factors that are all confounders to the outcomes reported here, and as such must be acknowledged as not adjusted for in this work.

Response 1: The reviewer is absolutely correct that a myriad of cardiovascular and endocrine risk factors could be influencing offspring BMI. However, our exposure of interest (parental smoking onset) is very far back in time -- as far back as in the youth of the preceding generation. Since a confounder must per definition precede both exposure and outcome in time, this rules out many of the likely factors we would traditionally include in models assessing associations with BMI in adults. Any cardiovascular and endocrine risk confounders would have to be either in the parents' childhood or as far back as in the grandparents to merit status as confounders. As far as we know, no studies have shown associations between children's cardiovascular or endocrine characteristics and BMI in the next generation of adults -- or between grandparental cardiovascular and endocrine characteristics and BMI in adult grandchildren. Some factors could perhaps have been included as potential mediators. However, since we already focus on four mediators (parental pack years, parental BMI, offspring smoking status and offspring birthweight), we feel it is difficult to include even more mediators without losing focus of the main aim, i.e. investigating relations between parental smoking onset in adolescence and BMI in the next generation. However, to properly acknowledge the myriad of cardiovascular and endocrine risk factors for adult BMI, we have added a paragraph in the revised Discussion where we discuss these and explain better why they are not confounders in the analysis of parental smoking onset in adolescence and adult offspring BMI (lines 446-449 and 451-452).

Comment 2: The main point of this background is the suggestion that there is evidence that the germline cells of the parents might have critical exposure-sensitive periods for triggering epigenetic responses that will influence the risk of offspring becoming obese later in life. The remainder of the background is not directly of relevance to the manuscript but is interesting. It could be better placed in a broader discussion section as opposed to the background.

Response 2: We understand the reviewer's comment. However, as one of the aims of the study was to investigate if effects were modified by offspring sex, we consider a paragraph addressing this in the background, to be of relevance.

Comment 3: Figure 1 is necessary and useful, but can be improved with more details provided about study centres and dates of the original surveys. Currently all we learn from the figure is sample numbers, when it is easy to make this figure more appealing to include the locations of these participants and the dates of the original studies and the form of the studies (postal questionnaires, clinics etc).

Response 3: Thank you for pointing this out. We agree with the reviewer that additional details on study centres and survey dates could be beneficial. Information about time points, locations and form of the studies has been included in a new flow chart in the revised manuscript.

Comment 4: Parents who started smoking in the 2 year interval around pregnancy were excluded, as the exposure seems only to be defined by years, and not by dates exactly. This is likely due to the original surveys only allowing answers by year.

Response 4: The reviewer is correct, and this is why we have not been able to define the exposure in more detail.

Comment 5: BMI from self-report. Less than ideal. Body fat mass from bioelectrical impedance analysis and FMI from that measurement/height\^2. I am unsure how accurate such techniques are and as such, how valid this approach is.

Response 5: We do agree with the reviewer that BMI based on self-reported height and weight is not ideal, and that is why we pointed this out as a limitation of the present study (lines 425-426). However, bioelectrical impedance analysis (BIA) has since it was introduced in the 1980's been widely applied and particularly useful in large epidemiological studies, where more advanced methods are not feasible, and simpler methods are needed. In addition to the cohorts used in the present study (ECRHS, RHINE, and RHINESSA), BIA has also been used in other large cohort studies (NHANES (USA), NUGENOB (EU), MONICA (DK) to predict body composition (as fat mass and body fat %). Several studies have been conducted on the validation of BIA, and there is broad consensus that is a valid and precise tool for estimating body composition in healthy subjects. We therefore consider this method useful and a valid measure of obesity and to compare body composition across populations (<https://www.nature.com/articles/ejcn2012168;> <https://academic.oup.com/ajcn/article/64/3/459S/4651645;> <https://academic.oup.com/ajcn/article/64/3/436S/4651636>)

Comment 6: The variables considered were parental socioeconomic status (via parental education), parental pack years, parental BMI (self report), offspring smoking (ever vs never only) and offspring birthweight. This is a small number of confounders. These are all indeed vital confounders to consider, but there are myriad other critical confounders that could be influencing the outcomes from across the huge list of cardiovascular and endocrine risk factors both prior to conception and post-natally.

Response 6: We acknowledge this concern. However, as outlined in our response to comment 1 above, a confounder must precede both exposure and outcome in time. For a more elaborate response, please see our response to comment 1.

Comment 7: We also know that the amount of smoking in close confinement to the offspring post birth is of importance, as studies with serum cotinine samples of tobacco exposure prove that although some parents may be smoking a great deal (as per pack years), if they do so outside or otherwise away from the child, they can mitigate possible exposures to their offspring.

Response 7: We thank the reviewer for pointing out this important issue. Unfortunately, we do not have any information about where the parents smoked so we cannot shed proper light on this in our analyses. Nevertheless, since this is of high relevance for our study, we have added a paragraph in the revised discussion with some reflections regarding this limitation (lines 438-440).

Comment 8: In reality a number of other confounders not listed in the methods were also included in results: parental age, offspring education, other parents smoking habits, and other parents BMI (other parents information obtained from the offspring...), however these were not include din final models.

Response 8: The reviewer correctly states that we did consider these factors as potential confounders, and we referred to these in the DAG (figure S1). However, we did not include them in the final models since they could not be defined as true confounders, i.e. preceding both exposure and outcome in time. For more information regarding this, please see our response to comment 1 above.

Comment 9: Table 1A and 1B and S1A and B: significant missing values for age smoking onset and packyears noted.

Response 9: The reviewer correctly states that there is a significant amount of missing values for packyears in the tables. However, the number of missing values for age of smoking is in fact not correctly updated, and we thank the reviewer for drawing our attention to this. In the final study population, where subjects with missing information on parental smoking have been excluded, these numbers equal 0. This has been corrected in the revised manuscript.

Comment 10: Tables would be clearer with stepped rows under umbrella terms. For example: 'educational level, n (%)' should be far left of the row, then the educational level options should be indented slightly so the reader can easily see the nested options.

Response 10: We agree with the reviewer, and in the revised manuscript, we have changed table 1A and 1B according to the comment.

Comment 11: Figure 2 shows that following adjustment (for father education and offspring sex) only fathers smoking after age 15 was associated with increased offspring BMI, but starting smoking before the age of 15 or after birth of offspring was not statistically associated. The strength of the association is modest and is demonstrated in Table 2. The use of both a table and figure for this result is perhaps unnecessary.

Response 11: We acknowledge the reviewer's comment that it may be unnecessary to present both a table and a figure of the adjusted association between parental smoking onset and offspring bmi. However, as the figure additionally visualise both the crude and adjusted regression analyses (the table presents adjusted analysis), we do think including both of them adds information on the strength and the direction of the effect estimates, which may be of interest to a reader.

Comment 12: FigS2, along with all mediation plots, should be improved to capitalise the first letters of the Y-axis labels.

Response 12: Thank you for pointing this out. In the revised manuscript, all the mediation plots have capital first letter of the Y-axis labels.

Comment 13: The authors should define what exactly the natural direct and indirect effects mean, so that those not used to these analysis can understand better and learn.

Response 13: We agree with the reviewer that the methodology could be explained in a clearer manner. In the revised paragraph, we have attempted to improve the definition of natural direct and indirect effects so that readers may more easily understand (lines 211-213).

Comment 14: The descriptive results are interesting, and may well be novel, however we must ask if they of fundamental importance. We know that parents smoking and being of high BMI is a huge risk factor for their children subsequently smoking and being of high BMI, this is well established. Children being of high BMI is a huge risk factor for being of high BMI in adulthood. So demonstrating that a fathers smoking influenced the BMI of their offspring in adulthood does seem somewhat intuitive. Despite this, it is of course important to prove such associations as the authors have done here. See papers here that may remove some novelty from the findings in this manuscript. There appear to be others also and these should be discussed in the text, even if briefly.

Response 14: We appreciate that the results may seem somewhat intuitive, as the reviewer points out. Nevertheless, we believe that the results are highly novel because we look at smoking in one generation and BMI in the next generation, suggesting epigenetic mechanisms instead of traditional exposure-outcome associations within the individual. We agree that such associations are known for BMI (that parental BMI is associated with offspring BMI), and that smoke exposure in an individual (active smoking, but also passive) is associated with BMI in the same individual. However, evidence is very scarce with regard to inter-generational effects of smoking on BMI. We thank the reviewer for the two relevant papers suggested. One of them is included in the background section (line 89), and the other is added in the discussion section (line 410).

Comment 15: The major issue with this paper is the limited adjustment for confounding mediated through variables not considered in the analysis. The mediation of association analysis is interesting and of reportable note, but the primary findings remain largely unadjusted for confounders that are usually considered in the primary analysis. Some measures of risk factors usually included in models as utilised here include variables for physical (in)activity, nutritional status, alcohol consumption, sleep, stress, environmental factors such urban vs regional vs rural etc. A great deal of power is placed on the single measure of socio-economic status (parental education and offspring education) which is not ideal.

Response 15: We acknowledge this concern. For a more elaborate response, please see our response to comment 1.

Comment 16: Despite this, the manuscript reports interesting findings in relation to the effect of parents pack-years on offspring BMI and FMI, however the headline findings that - fathers beginning to smoke before conception was associated with higher BMI in their adult sons and daughters, and that father's smoking starting in any time window was associated with higher FMI in adult sons. And that mothers' pre-as well as postnatal smoking onset was associated with higher offspring adult BMI, but not higher fat mass -- are results relying on largely unadjusted models which suggest profound epigenetic influence across the life course. This must be presented and discussed with caution.

Response 16: We acknowledge this concern, and therefore point out in the discussion that "A multitude of exposures and difference in genetic background exists in population studies, and as the offspring in the present study have reached adulthood, they have been exposed to a variety of environmental factors"(lines 443-446)"Thus, unmeasured factors may have impacted on our findings" (line 454). With regard to the mediation analysis, we also acknowledge that we have not been able to investigate "whether there are violations to the identification assumptions, especially with regard to all potential variables being independent and accounted for" (lines 457-458). This therefore needs further investigation. With regard to the reviewer's comment on largely unadjusted models, for a more elaborate response, please see our response to comment 1.

Reviewer \#2

Comment 1: Lines 217-219, check the percentages and they were not adding up to 100%.

Response 1: Thank you for bringing to our attention that this should be better described. The percentages are calculated based on number of unique parents (fathers=2111, mothers =2569) and not on number of participating offspring. In the revised version of the manuscript this has been pointed out in the text (line 223) and in table 1A (line 238) and table 1B (line 242) to make it easier for the readers to understand what the numbers are based on.

Comment 2: Lines 250-251. It is not clear if non-significant associations for postnatal smoking or smoking onset \<15 were due to reduced sample size in Table 2. They were both positive. Suggest adding N in each line of Table 2.

Response 2: We agree with the reviewer, and this has been included in the table in the revised manuscript
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Dear Dr. Knudsen,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Seana Gall

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Thank you for your detailed responses to the editor and reviewer comments. They were well considered.

Reviewers\' comments:
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Dear Dr. Knudsen:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Seana Gall

Academic Editor
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